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ABSTRACT

The Vanguard sequence diagram is introduced as
a means of graphically presenting the operation of
complex systems. This diagram represents system
components and their changing states as they interact
sequentially. Thus it shows at a glance the state of
every component at any instant in a nominal operation
of the system, as well as al the events occurring at
any instant and the components involved in each event.

The utility of the sequence diagram is discussed
and various applications are suggested. The method
of interpreting the diagram is explained and Ulus-
trated in a simple example. To demonstrate a com-
plete application, the complete nominal flight operation
of the first Project Vanguard rocket test vehicle is
presented as an appendix, in both sequence diagram
and conventional narrative forms. F,

PROBLEM STATUS

This is an I n t e r I m report on one phase of the
problem; work is continuing.

AUTHORIZATION

NRL Problem A02-85
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PROJECT VANGUARD REPORT NO. 31

THE VANGUARD SEQUENCE DIAGRAM. A GRAPHICAL METHOD
OF PRESENTING COMPLEX SYSTEM OPERATION

M7RDCTION

The growing need for a means of graphically presenting the operation ad a complex
device in which a pre-determined sequence of events occurs has led to the development
Of the Vanguard sequence diagram. This diagram has a wide utility to personnel In all
aspects of programs concerned with complex sequenced devices, such as missiles.

The ample sequence diagram presented in Appendix A represents Project Vanguard's
Initial Rocket Test Vehicle, T'-0 (Viking 13). A diagram for the satellite launching vehicle
i In preparation and will be the subject of a later report.

This paper will present a specific alication of the sequence diagram to a rocket-
powered vehicle, stabilized and directed by internal controls components, and will depict

raphically the various states which exist during the nominal launching program In
addition, a brief nomenclature is Included to identify the component states and functions.

SCOPE OF THE DIAGRAM AND DVMINITION8

The sequence diagram can relate the followng.

1. The nmber of given states in which a component functions and the relative
sequence of these states.*

2. The immediate cause and any necessary conditions for a component changing its
state, and the immediate effect, If any, of the change on other components.

3. The meas by which one component in changing its state affects another, e.g., by
an electrical current, mechanical linkage, combustion process, etc.

4. The number of components involved, and the number of discrete events that must
occur, in order to proceed from one point in a nominal program to a subsequent point;
this provides an index of complexity for comparing various phases of the program.

The following three terms are used with special significance relative to the sequence
diagram

Componelat
As defined here, a component may be removed from a system or assembly in the

vehicle, but is not generally sbject to further disassembly. Examples of components are:
a relay, a yro, or an autopilot amplifier channel Each component Is assigned a space
ruudfg horisontally across the sequence diagram, with the name of the component at the
left margin.
*A complete description of a component and its mode of functioning in several states,

including the nature of transitions between states, can be given on auxiliary component
information sheets.

i , /1
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Component Ste:

The component state tI a particular condition of the component, generally a steady-
state condition, characterined by the componrat's position, operation, input, output, etc.

Zxamples of Component States are: for a two-position switch, off or on; for a gas gener-
ator, generating or not generating; for a propellant tank, vented, pressurized, or supply-
ing propellant.

In the sequence diagram a component state is indicated by a bar placed in the hori-
zontal saces assigned to the components. uitable nomenclature to identify the state
and transitions In state Is included within the bar.

Zvent:
An Event is generally characterized by a change in state of one or more components

at a point in time. Some of these are causing changes; others are effected changes.

In the sequence diagram an event is indicated by a vertical line along which symbols
are placed to differentiate cause, effect, and necessary conditions.

UTIITYM OF 7= DIAGRAM

The sequence diagram, as a means of relating information about systems operation,
may have many areas of application. Several general and specific examples are:

1. Studies toward Increasing overall reliability through redesign.

Reliability Improvement studies may generally proceed along one or more of the
following lines:

a. Increased component reliability.

b. Decreased complexity through reduction of the number of 6 series-
components and/or events.

c. Replacement of = series operation with parallel" operation; the
redundanc Concept.

The master sqmuence diagram a utility as a "work-uheet" in programs that utilize
lines of approach b and c, presenting directly a list of components and their modes of
interaction, Le., the overall complexity, and nmnber of series and parallel operations
involved.

2. Faclitati the Interpretation of wiring diagrams, propulsion system layouts, etc.

Using the sequence diagram to establis the sequential operation of a system as
in th. Interpretatio of odr sehnmti presentations which may, by themselves, require
tedios tuo to develop an overall Xpr J of operations. The major point here is that the
state of every compomt can be determined from the sequence diagram at any point in an
operaingsequence. A wiring diagram camot give this information unless relays are
given a specia code for order o operation, etc., an awkward procedure at best in the case
of a Complex system.

3. Basic with a rocket-powered vehicle and its constituent systems.

One an Individual hs become familiar with e sequence diagram concept and its
special nomenclature an synolim he can in a working familiarity with the functioning
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of an entire vehicle as well an its constituent systems in a relatively brief period. Equip-
ped with a sequence diagram, a person otherwise unfamiliar with a system can discuss it
intelligently and concern himself with almost any basic aspect of it.

4. Evaluation of ground checkout procedures which precede a rocket launching,
trouble-shooting, and estimation of the adequacy of telemetering instrumentation for post-
flight analysis.

5. Electrical load profile for the flight program of a vehicle.

With the aid of the master sequence diagram and the current requirements for all
individual components, an electrical load profile can be drawn for both vehicle and ground
equipment for the entire launch/flight program, or portions thereof.

DESCRIPTION AND INTERPRETATION
OF THE DIAGRAM

The sequence diagram is basically a means of identifying the components of a system
and their chang states (horizontal lines) against events (vertical lines) occurring as
time progresses (to the right).

Component and Component State

Indication of Component State

The representation of a component and its state is illustrated by the following
example:

Valve 'A' closed open closed

From this the following information can be gained: Valve 'A' normally has two states,
open and closed; it is initially closed, opens for a time and then returns to its closed
position.

Transitions in Component State

Thrust Chamber, 11 not-firing i not-firing

From this, the following Information can be gained: The thrust chamber (second stage),
initially not-firing, undergoes a transition to its full-firing state. After a time, shut-down
occurs and it returns to its initial state through another transition, of shorter duration
than the initial thrust build-up.

Complex Operation

Main Oxidizer Valve closed < Prelim. fullopenZ' closed

From this, the following information can be gained: The main oxidizer valve undergoes a
transition from its closed position to a preliminary-open position, and thence, after a
period of preliminary-open operation, through a considerably longer transition to the full-
open position. Finally, the valve closes through a relatively short transition period.
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Events; Causes and Effects

The following symbols are used:

0 Indicates a primary causing operation or operations.

0 Indicates operation or operations effected.

a Indicates a necesaa' condition.

V Indicates an either/or causal relationship.

* Indicates a control-loop closure, or system feedback point.

The applicable symbols associated with a single event are tied together with a vertical
ine, termed the event line.

Examples:

a Operation a causes operation b.
b

a Operation a causes operation b, provided condition c exists.
b

c

a Either operation c 2F operation b causes operation c.
b

c

a Both operations a and b combined will cause eithe operation c gjr

b operation d, as well as operation e, provided condition f exists.

e

f

Time Delay, or Timing Operation

The above to interpreted as:

From event 1, a period ot t seconds ensues before event 2 occurs.
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ILLUSTRATIVE SEQUENCE DIAGRAM

The following is a sample sequence diagram in which the preceeding terminology
and symbolism are employed to represent a chain of events. Components are shown in

the left-hand column, and are numbered from top to bottom. Events in time proceed to

the right and are numbered from left to right, indicating their sequence.

he interpretation of this diaram is as follows (numbers in parentheses refer to

component identification numbers. The switch (1) is manually closed, causing Relay # I
(2) to become energized and self-holding. Provided that Relay #2 (8) is de-energized, the

operation of Relay t1 (2) causes the heater thermostat (3) to start regulating the heater (4),

and the pilot valve (5) to open. Opening of the pilot valve (5) causes the main valve (6) to

open, in a somewhat longer opening period. In opening, the main valve (6) causes Its

position switch (7) to close, energizing Relay #2 (8). This relay operation causes both

squibs (9) and (10) to begin burning, either of which is capable of causing the igniter (11)

to start burning. When the igniter (11) burns it breaks its fusible link (12) which in turn

causes Relay #2 (8) to become de-energized.

I
(Mnan)

1. Switch 0 Closed

2. Relay I " nre sho# J

3. Heater 'hermostat egulating

4. Heater IL Re~tin
5

5. Pilo Valve

6. Main Valve 0 open

7. Main Valve Position Switch Closed

8. Relay #2 De-energlzed

9. Squlb #1 I ATZI

10. Squib 02Bung

11. Igniter 0Srf

12. Igniter Fusible Link Boe

(12 Components, 11 Events)



Appendix A

COMPLETE SEQUENCE IMAGRAM AND DESCRIPTION
OF A VANGUARD TEST VEIUCLE

In the following pages, the complete nominal program of an actual large rocket flight
will be described in both narrative and sequence digram fashion. The master sequence
diagram will be found inside the back cover of this report. The numbers assigned to the
various components on the sequence diagram appear in parentheses in the narrative.

DESCRIPTION CF THE1 VEICLZ

Vanguard Test Vehicle 0 (TV-0) was the thirteenth Viking Rocket Test Vehicle
(RTV-N-12b) and was constructed by The Martin Company of Baltimore, Maryland for
the Naval Research Laboratory. A single-staed vehicle, its airframe was a cone-tipped
cylinder with four equi-spaced delta-shaped fins at its base (Figs. Al and A2). A liquid-
propellant rocket engine (XLR 10-RM-2) provided a sea-level thrust of 20,300 pounds for
a period of 105.9 seconds. The propellants, liquid oxygen and ethyl alcohol, were injected
into the combustion chamber by a turbopump driven by the decomposition products of
highly concentrated hydrogen peroxide. A schematic drawing of the propulsion system is
shown in Fig. A3.

The vehicle was to have been attitude-stabilized by internal controls until nose-cone
separation. The trajectory (Fig. A4) was established by timer-controlled precession of
the vertical gyro about its pitch reference axis.

Controlling moments about the pitch and yaw axes were provided by the gimbaled
thrust chamber. Control about the vehicle's roil axis was obtained through movable
aerodynamic surfaces at the tips of two opposite fins during those portions of the flight
when dynamic pressure was sufficient for tab control. At lift-off and at high altitude, a
reaction jet system supplanted the roll tabs. After power plant cut-off reaction jet control
about all three axes was employed.

The instrumented Lose cone, containing tracking and telemetering equipment, was
designed to be disengaged from the remainder of the vehicle on the descending leg of the
trajectory. The cone was designed to withstand the stresses of atmospheric re-entry and
to be aerodynamically stable until Impact.

A small sphere containing a prototype Minitrack transmitter was to be ejected for
test tracking purposes shortly after cutoff.

TV-0 was launched from Cape Canaveral at Patrick Air Force Base, Florida, at
0103 ZOT on 8 December 1056.

6
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NARRATIVz DE8CRIPTION OF TV-0 OPERATIMI 8IBZENCZ

Flight Power On

At T-5 minutes In the normal launching count-down, the vehicle electrical system is
transferred from the ground power supply to the vehicle battery (9). The switching Is
achieved by momentarily closing the 0 Power Transfer" switch (02) of the blockhouse
firing station; this applies pround power to the vehicle power stepping relay (1), causing
it to be actuated and mechanically retained in Its energizing position and thus applying
vehicle power to the coil of the main vehicle power transfer contactor (2) which In turn
becomes energized in the closed position. This operation disconnects the vehicle main
power bus (10) from its ground power connection and connects it to the positive terminal
of the vehicle battary. In addition, provided that the controls manual switch (11), is closed,
the controls-can bus (12) is energzed; and provided that the safety key (13) is removed
from its sockct in the aft section of the vehicle's external conduit, the powerplant junction
box bus (14) is energized.

Pressurization

At T-90 seconds the vehicle's oxidiser tank (42), main peroxide tank (35), and controls
peroxide tank (37) are pressurized. The blockhouse firing station pressurization switch
(04) is momentarily closed causing the pressurization relay (24) In the vehicle's power-
plant Junction box to be actuated and mechanically retained in Its 4latched' position -
provided that the fVse security relay (06) Is energized closed, indicating continuity through
the igniter fusibe ink (012). Actuation of the pressurization relay (24) does the following:
(a) turns on the vehicle's a regulator (31) allowin,-' . to reduce and reralate the high-
pressure gas sphere (32) source to approximately 450 psi and supply gas to the vehicle
propulsion system as required; 0b) energizes the oxidizer tank vent valve's pilot solenoid
valve (38) which pneumatically closes the oxidiser tank vent valve (39); (c) energizes the
peroxide tanks' vent valves' pilot solenoid valve (33) which pneumatically closes the main
peroxide tank vent valve (34) and the controls peroxide vent valve (36); (d) allows the
oxidizer tank pressure-regulating system (consisting of a two-position pressure sensitive
switch (40) and a two-solenoid valve electric replator (41)) to bring the oxidizer tank (42)
to, and maintain it at rated pressure so that the pressure In the oxidizer pump inlet line Is
held within the required limits.

Fire

At T-2 seconds the fire command Is given by closing and holding closed the fire cut-
off switch (05) of the blockhouse firing station to the "Fire' position. (It is necessary that
the switch be held closed until the rocket engine begins operating.) Provided that the
igniter fuse link security relay (06) is energized (closed), and that the power security
relay (03) is energized (closed, indicating that the vehicle's power stepping relay (1) is
in the energizin position), then the igniter contactor (08) in the remote junction station
is energized (closed). This provides electrical current through the igniter heaters (0O0)
which causes the igniter (011) to commence burning. Uhortly thereafter, the igniter's
fusible link (012) is broken by the heat, causing the igniter fuse security relay to be
do-energissed (open). This, providing the fire cut-off switch is still being held in the
6 Fire' position and the power security relay is in the energized position, causes the nose-
plug drop contactor (00)1i the remote junction station to become energized (cloaed). This
applies 35-volt de power, provided by a special power supply in the remote junction station,
to the nose-plug solerold (013) canstlng it to actuate and disconnect the nose plug (014) from
the vehicle. The dropping of the nose plug breaks the circuit continuity of the nose-plug
security relay (07), causing it to be do-energized (open). This, provided that the fire cut-
off switch is still being held in the "Fire' position and that the power security relay (03)
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is energized, causes the fuse security relay to be de-energized, and the fire relay (26) in
the vehicle's powerplant junction box to be actuated and mechanically retained in its
=latched' positio This energizes the hydraulic peroxide valve's pilot valve (45) and
pmeumatic peroxide valve's pilot valve (43) to the open position. The opening of the pneu-
natic peroxide valve (44) by control ps pressure is relatively rapid, whereas the opening
of the hydraulic peroxide valve (46) is delayed by means of a hydraulic control orifice.
Since the two peroxide valves are In series, the hydraulic valve actually controls the flow
of peroxide from the pressurized main peroxide tank Into the peroxide decomposer (47)
where It is catalytically decomposed into water vapor and oxygen at high temperature.
This high-energy ga flows into the driving turbine 0f the rocket engine's turbopump
assembly (48) causing it to accelerate to operating speed. During this acceleration,
(a) the oxidizer pump causes the oadizer valve (49) to be opened by the increasing oxidizer
pressure and the oxidizer pump outlet pressure switch (51) to be opened, (b) the fuel pump
causes the fuel valve (50) to be opened by the increasing fuel pressure and the fuel pump
outlet pressure switch (52) to be opened, and (c) the hydraulic pump (20), which Is mechani-
cally coupled to the turbopump, is accelerated to operating speed. With fuel being supplied
by the fuel tank (30), raised to a high pressure in the fuel pump, and admitted to the thrust
chamber (53) by the fuel valve; and with oxidizer being supplied by the oxidizer tank,
raised to a high pressure in the oxidizer pump, and admitted to the thrust chamber through
the oxidizer valve; and provided the igniter Is stU burning in the thrust chamber;, com-
bustion begins and thrust increases until the operating chamber pressure is attained.

Lift-Off

When the developed thrust exceeds the vehicle weight plus disconnecting forces, the
vehicle lifts off the launching stand. LUft-off causes (a) the power and control circuits'
tail disconnect plug (015) to become disc e b) the Ins(bmation cicts'
disconect plug (016) to become disconnected, (c) the OLM lift-off switch (5) to be opened,
(d) the mNL lift-off switch (6) to be closed, and (e) the ground hydraulic dioconnect (017)
to be closed. Disconnecting the power and control circuits' tail plug removes the ground
gyro-mudling amplifier signals from the vertical (pitch and yaw) and t.i roll gyro torquers,
thereby -reeing the wro for flight reference. In opening, the "O0L lift-off owith causes
the tka-off relay (3) In the main controls can to be de-energized (open) In becoming
de-energized the take-off relay causes the GLU timer (8) to start operating and the rol
jet system to becomm armed. In closing, the NRL lift-off switch causes the NlL timer
(7) to start operating.

Vertical ]Flight

For the first ten seconds of flgiht the vehicle is maintained In a fixed vertical attitude.
In pitch and YAw, this is achieved through operaticn of the control system loops consisting
of a vertical gm (65, 78), autopilot amplifiers (66, 79), transfer valves (67, 60), hydraulic
actuators (6, 1), and the imbaled thrust chamber (70, 83). In roil, the loop consists of
the roll mro (1),autopilot amplifier (92), and solenoid valve and fin-mounted jet pairs
(102-105, 107-11). In -ddito, the roll aerodynamic control system controls the hydrsul-
ical actaed tabs (9, 100) on two of the fis these tabs, however, are not fully effective
ding the early and lat pationm of powred flight because of the low dynamic pressure
dee to low velocRy ad low ir density respectively. Daring these periods, therefxe, the
roll Jet qstm Is eegised to main constant roll attitude.

Pitch tropam in

At TO+ seoods the OLE time latiMes a pitch program by causin the O'd"n com-
mod relay (67) In Oe forward control ean to become energized (closed), provided no
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fllght-path-trinlngground commands hae" been received (thereby enerigizing (closed) the
Up, Right, or Left command relays (58-60)). nhe Down comnand relay, when closed pro-
vides A torqinhg current to the pitch and yaw precession ais torqiiers via the cosine and
sine resolver amplifier units (,02) located in the forward controls can. hese wilts
apportion currents to both the pitch aid yaw torquers to produce a gyro precession 0f10.25
deg/ac In the trajectory plane, more or less independently of any vehicle roll attitude
error. The vehicle Is constrained to fly along a path which is programmed in the trajectory
plane at the gyro precession rate.

Roll Jets Off

At T+21 seconds the GLM timer de-energizes the roll jet system and roll control in
by fin tabs alone until T+90 seconds.

Cut-Off Armed

At T+30 seconds the NRIL timer supplies voltage to the fuel and oxidizer pump outlet
pressure switches, thus arming the normal cut-adf Initiation system.

Fuel Vents Closed

At T+00 seconds the GLM timer enrgizs the fuel teak vent relay (23) to the 6 ulatched'
position where It is mechaniclly retained. This applies power to the electrically operated
fuel tank vent valves (28, 29) which then close.

Pitch Program Terminated

At T+$5 seconds the GEM timer do-energizes (open) the Down commaind relay,
removing the vertical gyro torquer excitation and thereby stopping the pitch program.
Attitude control in all three axes is then reinutate by the fixed reference thus
established.

Roll iets on

At T+90 seconds the GLM timer energizes the roil jet circuits, causing the roil Jets
to maintain the rol attitude in the region of diminishing dynamic pressure and resultant
tab Inaftectivaness. The GLM time stops after conducting thi final function.

Cut-Off

2zhustion at fuel or oxidizer Is eapected to take place at approximately 105 seconds
and will be sensed by the closing of the appropriate pump outlet pressure switch. The
closing of ofher of these two switches mace in the armed condition (T+30 seconds) will
energiz (Wloed) the propuliom cut-oad relay (2?) which Is electrically solf-hokdlng, and
energize the pressrizing relay and the fire, relay to their Ouslatched' positions where
they are mecinnically retained In becoming unelated,' the fire relay causes both the
hydraulic an psesnti peroxide volves' p"lo valves to be de-energised (closed). These
pilot mvvs, ii closig, euase the flow ad pes ride to the peroxide decomposer to cease,
resultIn ino further driving MS being admitted to the tUrbopmp, and consequenty in
Its deceleration. 2bs resultend rapidly decreasing fuel and oxidizer pump outlet pressures

bring about a decrese in the thrust chamber pressure and hence In the thrust. The
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spring-loaded fuel and oxidizer valves close when the propellant pressure has become
mfficiently low, cutting off the propellaut flow altogether. Although energizing power to
the oxidizer tank and peroxide tank vent valves' pilot valves, which are maintaining the
tank vents closed, Is no longer supplied by the unlatched pressurizing relay, the energized
propulsion cut-off relay takes over this function; thua no tank venting occurs upon cut-off.
However, unlatching the pressurizing relay de-energizes (closed) the main gas regulator
ending its regulated gas supply function. The oxidizer tank off-on pressure regulation
system is also made non-operative.

Post Cut-Off Attitude Control

The propulsion cut-off relay (27) upon being energized (closed) causes the controls
cut-off relay (4) in the main controls can to be energized (closed), thus energizing the
pitch and yaw peroxide jet system (consisting ol four autopilot-controlled solenoid valves
which supply hydrogen peroxide to four small rocket motors whose high-velocity gas
streams produce attitude-corrective thrust), and energizing the roll jet system if it has
failed to become energized by the NRL timer at T+90 seconds (premature cut-off).

Minitrack Eject

At T+ 120 seconds the NRL timer provides power to the two bellows-contained squibs
("caterplllare) of the Minitrack transmitter ejection system, causing them to ignite and
expand. Zither squib alone is capable of withdrawing the releasing key, allowing the com-
pressed spring to extend the carriage and eject the small sphere, with its "roll-up' antennas,
which contains the Minitrack transmitter.

Separation Armed

At approximately T+122 seconds the NRL timer energizes (closed) the separation
arming relay (113) in the forward controls can, thus preparing the vehicle for the sub-
sequent inversion maneuver and nose-cone separation.

Inversion Maneuver

At approximately T+318 seconds the NRL timer causes the inversion start relay (114)
to be energized (closed) and the time delay relay (115) to begin its delay period provided
the inversion stop relay (117) Is de-energized. These components are part of the vehicle's
inversion maneuver system located in the forward controls can. The inversion start relay
causes the fast-slow precession relay (55) to be energized (closed) in fast position, reslt-
ing in full voltage excitation of the vertical gyro pitch precession axis torquer and thus in
maximum-rate precession Q( the vertical gyro about the vehicle's pitch axis. The jet
attitude control system then rotates the vehicle in the pitch plane. After a glight angular
displacement the increasing inversion gyro pitch signal output combined with the vertical
gyro pitch signal in a mixing amplifier circuit, cause the sigma relay (116) to be de-energized.
Follow ng this the time delay relay reaches the.end of Its delay period and becomes energized,
permitting the sigma relay, on becoming re-energized after the vehicle has attained the
designated pitch orientation (nominally 163.9 degrees from the vertical), to energize (closed)
the inversion stop relay. 7his de-energizes the inversion start and fast-slow precession
relays, removing the vertical ar pitch torquer exctation and re-establishing the vehicle
in a constant-attitude-control state at the desired nose-cone re-entry angle.
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Nose-Cone Separation

At T+463 seconds the NRL timer (provided a separation ground command has not been
transmitted) causes the blow-off (separation) relay (119) to be energized (closed, this
energizes the four nose-cone explosive bolts (120-123). When all four bolts have detonated,
the compressed spring (124) separates the nose cone (126), breaking the electrical discon-
nects (125). The separated nose cone is thereby oriented for optimum re-entry, i.e., at a
minimum angle of attack.

,I
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